The kinetics and thermochemistry of the pent-1-en-3-yl radical reaction with molecular oxygen (CH 2 CHCHCH 2 CH 3 + O 2 ) has been studied by both experimental and computational methods. The bimolecular rate coefficient of the reaction was measured as a function of temperature (198−370 K) and pressure (0.2−4.5 Torr) using laser photolysis−photoionization mass-spectrometry. Quantum chemical calculations were used to explore the potential energy surface of the reaction, after which Rice−Ramsperger− Kassel−Marcus theory/master equation simulations were performed to investigate the reaction. The experimental data were used to adjust key parameters, such as well depths, in the master equation model within methodological uncertainties. The master equation simulations suggest that the formation rates of the two potential RO 2 adducts are equal and that the reaction to QOOH is slower than for saturated hydrocarbons. The initial addition reaction, CH 2 CHCHCH 2 CH 3 + O 2 , is found to be barrierless when accounting for multireference effects. This is in agreement with the current experimental data, as well as with past experimental data for the allyl + O 2 reaction. Finally, we conducted numerical simulations of the pent-1-en-3-yl + O 2 reaction system and observed significant amounts of penta-1,3-diene being formed under engine-relevant conditions.
■ INTRODUCTION
Both conventional fuels 1 and biofuels 2,3 contain unsaturated hydrocarbons, which are known to form resonance-stabilized radicals when hydrogen atoms are abstracted from their allylic site(s). 4, 5 Unsaturated hydrocarbons are also produced in the combustion of saturated hydrocarbons (R + O 2 → alkene + HO 2 ). The oxidation kinetics and thermochemistry of resonance-stabilized radicals are key in the detailed kinetic modeling of, for example, plant oil-derived biodiesel, 2 and differ significantly from hydrocarbon radicals that are not resonance stabilized. 6, 7 Consequently, analogies to saturated hydrocarbon radicals are questionable and detailed studies on oxidation kinetics and thermochemistry of resonance-stabilized radicals are needed. In this work, the pent-1-en-3-yl + O 2 reaction is studied by both experimental and computational methods and the results are compared with previous studies on smaller allyl-type radicals.
The smallest resonance-stabilized hydrocarbon radicals, allyl (C 3 H 5 ) and propargyl (C 3 H 3 ), are the most extensively studied resonance-stabilized radicals. 6−14 The reaction of allyl + O 2 was first assumed to be barrierless, 9 but later revisions by Lee and Bozzelli 7 showed that the reaction has a barrier of about 1 kcal/mol at the CBS-Q level of theory. Moreover, the allylperoxy radical was found to be thermochemically less stable compared to the propylperoxy radical (well depths of 19 7 and 34 kcal/mol, 15 respectively). Chen and Bozzelli 16 showed that substituting a hydrogen atom at the secondary carbon of the allyl radical with a methyl group has an insignificant effect on the RO 2 well depth and barrier, which amount to 20 and 1.5 kcal/mol for the allylic isobutenyl radical at the QCISD(T)//B3LYP level of theory, respectively. For longer linear resonance-stabilized radicals, the oxidation chemistry has been addressed via kinetic modeling, 17, 18 but elementary oxidation reactions were not studied in detail. Experimental studies on the kinetics of allyl-type radicals with molecular oxygen are scarce. 12, 19 Potentially the most definitive study elucidating the reaction of resonance-stabilized radicals with O 2 is the work of Moradi et al. 13 on propargyl + O 2 . The authors combined liquid helium droplet experiments with high-level quantum chemical calculations and consistently found that the O 2 addition to the propargyl radical is a barrierless reaction. It is unclear, however, if the findings for the propargyl radical + O 2 reaction can be extrapolated to allyltype radicals.
Except for the work of Moradi et al., 13 the above-discussed literature on linear and branched resonance-stabilized radicals employed ab initio methods based on single-reference wave functions. For radical−radical recombination reactions, how-ever, Harding et al. 20 stated that single-reference association potentials (interaction energy along the minimum energy path) increasingly deviate from the full configuration interaction association potentials with increasing radical− radical distance and that multireference wave functions have to be used. Furthermore, if a resonance-stabilized radical was involved in the reaction, the active space for multireference calculations required for accurately describing the reaction kinetics needs to include the electrons and orbitals involved in resonance stabilization. 13 In allylic hydrocarbon radicals, the active space comprises one orbital for each pair of the neighboring atoms involved in the stabilized system and one orbital for the two possible association sites. When forming a chemical bond with either the association site, the pair-wise orbital not involving the association site will give a double bond, while the radical orbital will change in favor of the association site.
In this study, the initial association potential of pent-1-en-3yl + O 2 has been calculated both by single and multireference methods to investigate the possible presence of a reaction barrier in the allylic system. The experimental and theoretical results will be combined synergistically to provide reliable kinetics and thermochemistry. These results will be compared with the allyl + O 2 and isobutenyl + O 2 reactions to investigate how the molecular structure affects the reactivity of allyl-type radicals with molecular oxygen. Finally, the pent-1-en-3-yl + O 2 oxidation reaction is simulated under low temperature combustion conditions using the kinetic parameters obtained in this work.
■ EXPERIMENTAL METHODS
An extensive description of the experimental apparatus and data analysis procedure is given in a publication by Eskola and Timonen, 21 so only a short summary of the relevant experimental details is given here. The experiments were performed at low pressures (0.18−4.5 Torr) in a temperaturecontrolled laminar flow reactor coupled to a photoionization mass spectrometer. Stainless steel (d = 0.80 or 1.7 cm, halocarbon wax coating) and quartz (d = 0.85 or 1.7 cm, boric oxide coating) reactors were used in the experiments.
The radical precursor (trans-1-bromopent-2-ene, purity > 95% or trans-1-chloropent-2-ene, purity > 95%) was introduced into a reactor by bubbling helium through a liquid precursor that had been degassed by several freeze−pump− thaw cycles. The vapor pressures of the precursors were used to estimate the concentration of the precursor in the reactor. 22 Helium (purity 99.9996%) and oxygen (purity 99.9995%) were used as supplied. The radicals were homogeneously produced along the reactor by photolyzing the precursor molecules with pulsed KrF exciplex laser radiation (248 nm). The laser fluence used was 15−140 mJ·cm −2 . The main photolysis reaction of the precursors at 248 nm is the dissociation of the C−Br/C−Cl bond at the allylic site
The measurements were performed under pseudo-first-order conditions ([O 2 ] ≫ [C 5 H 9 ]) and the initial radical concentration ([R] t=0 ) was kept low to avoid complications from the self-reaction of the radical. The radical concentration was estimated to be smaller than 3 × 10 11 cm −3 in all measurements. The gas mixture was continuously sampled through a hole on the side of the reactor into a vacuum chamber containing a photoionization mass spectrometer. A xenon lamp (E = 8.44 eV) with a sapphire window was used to ionize the radical for mass spectrometric detection.
In a typical bimolecular reaction rate coefficient determination, the radical decay rate was measured in real time at four or five different oxygen concentrations. A single-exponential function [R] = A + [R] 0 exp(−k′t) was fitted to the decay signals. Here, k′ is the pseudo-first-order rate coefficient, t is the time, A is the signal background, [R] is a value proportional to the radical concentration, and [R] 0 is a value proportional to the radical concentration at t = 0. The pseudofirst-order rate coefficient is defined as k′ = k w + k[O 2 ], where k is the bimolecular reaction rate coefficient and k w is the wall reaction rate. The wall reaction rate is the decay rate of the radical without added oxygen and it was typically measured in the beginning and the end of each bimolecular reaction rate coefficient measurement. The obtained pseudo-first-order rate coefficients are then plotted as a function of [O 2 ] and the slope of a linear fit made to this plot gives the bimolecular rate coefficient. An example of a bimolecular plot is given in Figure  1 . 
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Under conditions where the dissociation reaction back to the reactants becomes significant, the above procedure can no longer be applied because the decay profiles are not singleexponential. Now the radical signal decays due to the reactions
and a double exponential function
needs to be used instead. Here, A is the signal background and B, C, λ 1 , and λ 2 are fitting parameters. Knyazev and Slagle 19 derived expressions to obtain the forward rate coefficient (k f ), the backward rate coefficient (k b ), and the unimolecular rate coefficient for further reaction of the R + O 2 association product (δ) using the double-exponential fitting parameters and the separately measured wall reaction rate (k w ). The forward and reverse rate coefficients can then be used to determine the equilibrium constant (gases assumed to be ideal and their standard states chosen as pure gas at 1 bar at the temperature of interest). Examples of the measured radical decay signals are shown in the subfigures of Figure 1 and in Figure 2 for various O 2 concentrations and temperatures, respectively. The fitted radical decays are shown as solid black lines. Figure 2 shows how the behavior of the radical decay signal changes as the dissociation reaction back to the reactants becomes important. In the following discussion, the terms terminal (R1O 2 ) and nonterminal (R3O 2 ) will be used to discriminate between the two potential O 2 association sites of the pent-1-en-3-yl radical. Note that in the experiments the time-resolved behavior of the radical signal was monitored, and consequently, the experi-ments could not discriminate between the two association channels.
Comparison of Bromide and Chloride Precursors. The majority of our experiments were conducted using the bromide precursor. Because of the smaller bond dissociation energy of carbon-bromide bonds compared to carbon-chloride bonds (66.9 vs 80.8 kcal/mol), 23 the products of bromide precursor photofragmentation are expected to hold more internal energy than the photofragmentation products of the chloride precursor. In order to estimate the amount of vibrational excitation of the pent-1-en-3-yl radical directly after formation, the precursor photofragmentation energetics (electronic energy + zero-point energy) and subsequent isomerization energetics of the pent-1-en-3-yl radical were calculated at the G4//MN15/def2-TZVP 24,25 level of theory using the Gaussian software package 26 (cf. Figure 3 ).
When a precursor molecule absorbs a photon with an energy corresponding to 248 nm wavelength, it undergoes simultaneous electronic and vibrational excitation (vibronic transition). While the vibrational excitation can be assumed to be equally distributed among all the internal degrees of freedom of the precursor, the electronic excitation leads to a highly repulsive interaction between the carbon and the halogen atom. 27, 28 It has been shown that this repulsive potential leads to a strongly localized vibrational excitation in the polyatomic fragment, 27, 28 translational excitation of both fragments, and a large part is consumed by the bond cleavage and does not add to the internal energy of the fragments. Van Veen et al. 27 studied the photofragmentation of methyl bromide and found that the CH 3 umbrella motion of the methyl fragment was vibrationally excited (n = 3). Transferring this to the umbrella motion of the terminal CH 2 group of the pent-1-en-3-yl radical The vibrational excitation of the initial vibronic transition is the difference between the total photon energy (248 nm = 5 eV) and the energy of the electronically excited state. The electronic excitation energies of the bromide and chloride precursors were calculated at the TD/TDA-B2PLYP/def2-TZVP level of theory using the ORCA software package. 29 Grimme and Neese 30 reported an uncertainty of 0.32 eV for singlet−singlet excitations of organic compounds using the aforementioned method. Note that this uncertainty is for nonhalogenated compounds. The electronic excitation energies of the bromide and chloride precursors were corrected based on the difference between the calculated and experimental values for methyl bromide (4.94 eV 28, 31 ) and methyl chloride (5.17 eV 32 ), respectively. This procedure gives the electronic states 4.66 and 4.73 eV above the ground state for the bromide and chloride precursors, respectively. Therefore, the vibrational excitation due to the initial vibronic transition amounts to 0.34 eV (7.8 kcal/mol) for the bromide precursor and 0.27 eV (6.2 kcal/mol) for the chloride precursor.
The total vibrational excitation of the pent-1-en-3-yl radicals after photofragmentation is estimated to be 15.0 and 13.4 kcal/ mol for the bromide and chloride precursors, respectively. From this estimation, we conclude that the vibrational excitation of the pent-1-en-3-yl radical is similar for both precursors and is well below the isomerization transition structure to the pent-2-en-4-yl radical.
■ COMPUTATIONAL METHODS
Molecular structures, harmonic frequencies, and one-dimensional-hindered rotor profiles were calculated at the RIJK-B2PLYP-D3BJ/def2-TZVP level of theory. 33, 34 The def2-TZVP basis set is chosen as a compromise between the convergence of the MP2 part in the double-hybrid density functional theory (DFT) method and computational cost. While being larger than the TZVP basis set, the def2-TZVP basis set is comparable in size with the 6-311++G(d,p) and the aug-cc-pVDZ basis sets, but computationally less costly than the larger cc-pVTZ basis sets. Single-point energy calculations were carried out at the DLPNO-CCSD(T)/CBS 35, 36 and G4 24 levels of theory. The complete basis set (CBS) limit is estimated from aug-cc-pVTZ and aug-cc-pVQZ basis set calculations using the relation 37
The Gaussian software package 26 was used for the G4 calculations and the ORCA software package 29 was used for the rest of the calculations.
The R + O 2 association potential was scanned with a step size of 0.05 Å for the terminal and nonterminal association sites at the RIJK-B2PLYP-D3BJ/def2-TZVP level of theory. For each point along the association potential, additional doublet and quartet SC-NEVPT2 38 (9,7)/def2-TZVP calculations were performed to calculate the doublet/quartetsplitting as proposed by Goldsmith et al. 39 
Schapiro et al. 40 showed that NEVPT2 and CASPT2 give very similar results if the IPEA shift is used for CASPT2. NEVPT2, however, is computationally less demanding and avoids the use of an empirical correction, which has been shown to be problematic in some cases. 41 The active space included the two O 2 triplet electrons and two lone pairs (6 electrons, 4 orbitals), and one electron and one orbital for each carbon atom in the resonance-stabilized system of pent-1-en-3yl. The obtained association potentials for R + O 2 are discussed in more detail in the Results and Discussion section. Briefly, the association potentials were used as the input in the phase space theory (PST)-based kinetic calculations developed by Pechukas and Light, 42 to compute microcanonical rate coefficients for the R + O 2 → RO 2 reaction. The PST has known limitations in the description of rotational hindrance along the reaction coordinate, as it assumes free-relative rotation between the two reacting fragments. While this simple kinetic theory gives a fundamentally interesting reference, PST should not be used as a purely predictive tool. Instead, it will be used here to estimate the general trend of R + O 2 reactivity, which will then be adjusted via fitting to experimental data to obtain a more reliable description of the rate coefficient. Note that the extrapolative capacity of this combined approach is unknown at this point.
Because variations in the PST parameters did not allow to reproduce the experimental data, a modification of the PST number of states is proposed empirically. By energy-shifting and rescaling the PST number of states N PST (E) by E shift , we managed to achieve a very good fit of the experimental data. The rescaling ensures that the number of states at the energy used for shifting remains unchanged, and thus depends solely on E shift . We used the following equation for adjusting the number of states 8) in which N PST (E) = c·E m , with c and m being functions of the PST parameters provided in the following section. The Rice−Ramsperger−Kassel−Marcus theory (RRKM)/ master equation (ME) simulations were carried out using the MESS software package. 43 Collisional energy transfer was modeled via the Lennard-Jones (LJ) collision frequency model and the exponential-down model
with n = 0.77 and an initial value for ⟨ΔE⟩ down,0 = 200 cm −1 , which is adjusted to the experimental data later. The LJ parameters for pent-1-en-3-yl peroxy were obtained via two different approaches: first, via the group additivity theory as implemented in the RMG software package 44 (ε = 300 K and σ = 6.3 Å). Second, via analogy to ethyl acetate 45 In order to overcome the uncertainties associated with the theoretical predictions and the limited range of experimental conditions, both results are combined to narrow down the predicted molecular properties used in the ME simulations. The following 10 parameters are considered for optimization: the two ⟨ΔE⟩ down parameters, the two LJ parameters for pent-1-en-3-yl, the two RO 2 well depths, and the four parameters used to solve the phase space integral for R + O 2 → RO 2 . The remaining parameters are left unaltered.
The Journal of Physical Chemistry A Article Initially, a sensitivity analysis is conducted to understand which predictions are affected by which parameters. For this, each parameter is varied by 20% and the sensitivity of the forward and backward R + O 2 rate predictions to these changes is calculated as dk/k·Θ/dΘ, in which Θ represents the respective parameter. As will be discussed below, this analysis suggests a two-step procedure: first, the experimental equilibrium constant is used to adjust the two RO 2 well depths; second, the collisional energy transfer and the PST description are adjusted to resemble the experimental R + O 2 rate coefficient. For the first step, both RO 2 well depths are altered equally to maintain the original branching ratios. This constraint is imposed based on the assumption that theoretical branching ratios are less uncertain than the respective reaction rates due to partial error cancellation (cf. Supporting Information).
■ RESULTS AND DISCUSSION R + O 2 Association Potentials. Previous experimental and theoretical studies have made conflicting statements about the existence of a barrier for O 2 addition to resonancestabilized radicals, although experimental evidence clearly points toward barrierless O 2 addition. 7, 9, 12, 13, 16 This work contributes to this topic with a detailed investigation of pent-1en-3-yl + O 2 association potentials. Single-reference B2PLYP and multireference NEVPT2 levels of theory were used to see if there is a barrier for O 2 addition in the studied reaction system. The association potentials are shown in Figure 4 .
For both R + O 2 association channels, the single-reference B2PLYP method predicts a barrier of 2−3 kcal/mol. At the NEVPT2 level of theory, however, the barrier heights are negligibly small and the barrier positions shift toward larger relative positions. The doublet/quartet-splitting 39 corrected B2PLYP potential energy profiles are considered most accurate and indicate that O 2 addition is barrierless for pent-1-en-3-yl. This observation is in agreement with the sophisticated theoretical and experimental study on the propargyl + O 2 reaction in helium droplets by Moradi et al. 13 Because the allyl + O 2 reaction is almost three times faster than the propargyl + O 2 reaction at room temperature, 12, 47 it is reasonable to conclude that the O 2 association with allyl-type radicals is barrierless as well.
The doublet/quartet-splitting corrected B2PLYP association potential is used as basis for phase-space integration according to Pechukas and Light. 42 The implementation of this methodology in the MESS software package requires a power-law description of the potential energy profile. Therefore, the corrected B2PLYP results are fitted using the following equation
with a and b being fitting parameters. The small bump in the potential energy profiles causes uncertainty in the fitting and stems from the long-range interactions between the two fragments. This prereaction van der Waals complex is submerged and does not need to be separately accounted for.
Potential Energy Profile. The stationary points on the potential energy surface (PES) of the pent-1-en-3-yl + O 2 reaction system involving all the RO 2 to QOOH isomerization transition structures is given in Figure 5 and Table 1 . Note that the RO 2 well depths are the unaltered values obtained at the DLPNO-CCSD(T)/CBS level of theory. The well depth adjustments will be discussed in the Parameter Optimization section. The TS and product numbering TS ij and QijOOH is based on the O 2 association site index (i = 1 or 3) and the internal hydrogen abstraction site (j = 1−5) in a consistent manner, that is, Q35OOH is produced through TS 35 .
The relative G4 and DLPNO-CCSD(T) energies listed in Table 1 show striking agreement, except for the RO 2 well depths. The DFT and G4 levels of theory suffer from substantial uncertainties for predicting the RO 2 well depths (≈4.1, 3.3, and 2.7 kcal/mol for the B3LYP, B2PLYP, and G4 levels of theory, respectively). Moreover, the DFT levels of theory severely underpredict the barrier heights for the formation of Q12OOH, Q32OOH, and Q34OOH. It would appear that compound methods, such as G4, show shortcomings in calculating the energies of resonance-stabilized structures, and more sophisticated methods need to be used instead.
The reactants, R and O 2 , are shown in the middle of Figure  5 . The barrierless R + O 2 association reactions produce the two The Journal of Physical Chemistry A Article RO 2 adducts, R1O 2 and R3O 2 . Molecular oxygen association with the nonterminal site of pent-1-en-3-yl is energetically favored, which would be expected due to the stabilizing effect of the neighboring ethyl group. 48 We could not find a transition state for direct isomerization from the terminal (R1O 2 ) to the nonterminal (R3O 2 ) adducts, but both have isomerization pathways to the same five-membered cyclic RO 2 compound (cyc-RO 2 ). This cyclic RO 2 compound acts as an intermediate in the two-step isomerization between R1O 2 and R3O 2 . Because the barriers for these pathways are more than 10 kcal/mol above the reactant energy, isomerization from one to the another RO 2 adduct via cyc-RO 2 is very unlikely.
Instead, either the RO 2 adduct would rather dissociate and recombine to the other RO 2 adduct, potentially through a roaming channel.
The dissociation/isomerization of RO 2 via internal hydrogen abstraction can proceed via five channels for each RO 2 . The energetically most accessible channel is internal hydrogen abstraction from the terminal methyl group of R3O 2 leading to Q35OOH, with a barrier height of 6.70 kcal/mol above the entrance energy (25.39 kcal/mol total barrier height). We were unable to observe this isomerization channel experimentally in the studied temperature range (T < 365 K). At engine-relevant conditions, however, the high concentration of molecular Table 1 . Products without labels are stable QOOH compounds. The Journal of Physical Chemistry A Article oxygen could press R3O 2 toward Q35OOH, enable a second O 2 addition and/or Q35OOH decomposition. This will be tested with numerical simulations of the pent-1-en-3-yl + O 2 reaction system in the present study. These simulations will be for 650 K, for which the Q35OOH rate coefficient is eight orders of magnitude larger than at standard conditions (cf. Table 1 ). The second lowest barrier is for the reaction of R3O 2 to penta-1,3-diene + HOȮ. For the formally direct R + O 2 to the penta-1,3-diene + HOO • reaction, the R3O 2 species acts as an intermediate structure and the rate coefficient is that of the well-skipping reaction. The formally direct HOO • elimination rate coefficient is in reasonable agreement with the analogous reaction of the allyl radical with O 2 at 298 K: 1.1 × 10 −21 cm 3 s −1 versus 2.7 × 10 −22 cm 3 s −1 . 49 Interestingly, the rate coefficient for nondirect (i.e., R3O 2 -based) penta-1,3-diene + HOO • formation increases by 10 orders of magnitude from standard conditions to 650 K, thus two orders of magnitude stronger than the Q35OOH pathway. The stronger temperature-dependence of the penta-1,3-diene + HOO • pathway compared to the Q35OOH pathway is due to the two fragments (penta-1,3-diene + HOO • ) being entropically favored over one (Q35OOH). Internal hydrogen abstractions from the hydrocarbon sites of R1O 2 are energetically unfavorable.
The barrier heights for internal hydrogen abstraction from the vinylic and allylic sites in R1O 2 and R3O 2 show similar trends: abstraction from the vinylic site neighboring the O 2 association site has a much higher barrier than abstraction from the other ("far") vinylic site. Moreover, the latter internal hydrogen abstraction barrier is smaller than the barrier for abstraction from the O 2 association site, although being an allylic site. This is due to the TS being a three-membered ring, which are typically energetically less favorable than the sixmembered TS rings for the "far" vinylic abstraction sites.
Notably, the six-membered R1O 2 to the Q13OOH transition structure (hydrogen abstraction from the vinylic site) is energetically much more favored over the sevenmembered R1O 2 to the Q14OOH transition structure (allylic site). This is somewhat unintuitive, as allylic hydrogens are usually weaker bound than vinylic hydrogens, 50 but the reason for this is the high tension acting on the CC double bond in the seven-membered TS ring, resulting in visible distortion of the sp 2 -hybridized carbons (cf. Supporting Information). This has implications for detailed kinetic modeling, as Westbrook et al. 2 has stated that alkylperoxy radical isomerization reactions with a CC double bond within the TS ring are of particular importance to the kinetic modeling of unsaturated hydrocarbon fuels.
Note that in the ME model, we have not included dissociation channels for the QOOH species because these channels are practically irrelevant at the present experimental conditions. When comparing the k 298 K,1 bar values in Table 1 , it becomes clear that Q35OOH formation is orders of magnitude faster compared to the competing internal hydrogen abstraction reactions. For Q35OOH, we included an irreversible sink in order to approximately account for the effect of a second O 2 addition on the rate predictions (pseudofirst-order rate coefficient estimated as k Q35OOH+O 2 = 10 −12 cm 3 s −1 ·[O 2 ]).
The size of the TS-ring for internal hydrogen abstraction not only affects the barrier height, but also the entropy. The larger the ring, the more internal rotors are lost. As a consequence, the entropic barrier is larger and the rate coefficient is smaller. When replacing the lost internal rotors with harmonic oscillators, for example, in the reaction of R3O 2 to Q35OOH, the rate coefficient at 298 K and 1 bar increases by a factor of 2.6. This is due to the lower energy level density for the harmonic oscillators compared to the internal rotors, resulting in a lower stability, thus higher reactivity.
Parameter Optimization. First, the sensitivities of the theoretical R + O 2 ⇌ R1/3O 2 reaction rate coefficients to the 10 aforementioned RRKM/ME parameters are evaluated: the two RO 2 well depths, the four parameters describing the R + O 2 association potentials, and the four parameters describing the collisional energy transfer. The rate coefficient sensitivities at 243 K and 1.03 Torr are presented in Figure 6 . The experimental results are provided in Tables 2 and 3 .
The forward and backward rate coefficients of the R + O 2 ⇌ R1/3O 2 reactions are highly sensitive to the RO 2 well depths. The theoretical equilibrium constants, however, are solely sensitive to the RO 2 well depths and insensitive to the remaining eight parameters by definition. Therefore, the experimental equilibrium constant data can be used to optimize the well depths independently of the other adjustable parameters. As a consequence, the experimental equilibrium constant gives valuable information about the reliability of the calculated DLPNO-CCSD(T)/CBS energies. The well depths are changed in equal measure to keep the branching ratio between the two association channels approximately constant. As mentioned above, this constraint is imposed based on the The experimental equilibrium constant is initially underpredicted by current computations, and to remedy this, the RO 2 well depths are increased (lowered in energy) by 0.26 kcal/mol. This adjustment is well within the methodological uncertainty of <0.7 kcal/mol. 51 The experimental, original theoretical, and energy-corrected theoretical equilibrium constants are given in Figure 7 . Note that the averaging scheme proposed by Knyazev and Slagle 19 is used to obtain an average theoretical R + O 2 ⇌ RO 2 equilibrium constant which can be compared to the experimental one.
The lowering of the RO 2 well depths causes overprediction of the R + O 2 rate coefficient, which has to be counteracted by adjusting the remaining parameters. Unsurprisingly, the R + O 2 rate coefficients are sensitive to the PST parameters. As mentioned before, instead of adjusting the parameters used for fitting the R + O 2 addition potentials, we adjust the resulting number of states with a single E shift parameter for both O 2 association channels. With this procedure, we hope to empirically account for the incorrect description of rotational hindrance in the PST formulation. The LJ interaction strength ε and the exponent of collisional energy transfer temperaturedependence n have negligibly small effects on the R + O 2 rate coefficient (cf. Figure 6a) and are left unaltered. The collisional energy transfer at 300 K ⟨ΔE⟩ down,0 is included in the optimization and is expected to be in the range from 100 to 200 cm −1 . 52 While the R + O 2 rate coefficient is sensitive to the LJ collisional diameter σ, it is not included in the optimization, due to having a very similar effect as ⟨ΔE⟩ down,0 . Note that any uncertainty in the collisional diameter is compensated by fitting ⟨ΔE⟩ down,0 , which has a limited physical meaning as a consequence. Instead, we test the RMG-based and analogybased parameters in two separate optimizations. In the optimization, we aim at minimizing the root-mean-squareddeviation (RMSD) between the predicted and experimental rate coefficient at 198, 243, 267, and 298 K and all measured pressures.
Irrespective of the LJ parameters, optimization yields a number of state energy-shift of E shift ≈ 0.87 kcal/mol. The collisional energy transfer at 300 K depends on the LJ collisional diameter σ, and amounts to ⟨ΔE⟩ down,0 = 100 and 112 cm −1 for the RMG-based and analogy-based σ, respectively. Both values for ⟨ΔE⟩ down,0 are in the expected range and the final RMSD for both optimizations are the same. For the following rate predictions, we decided to move forward with the analogy-based LJ parameters, due to having a larger ⟨ΔE⟩ down,0 (which is likely considered more realistic). The experimental, energy-corrected theoretical, and final adjusted rate coefficients at ≈1 Torr are given in Figure 8 . The pressure- The Journal of Physical Chemistry A Article dependent rate coefficients will be discussed in the next section. Note that the experimental rate coefficient is for the total radical consumption, while the theoretical rate coefficient is explicitly for R + O 2 (sum of both channels). For the present low-temperature conditions, however, the experimental radical consumption is dominated totally by the R + O 2 reaction. RRKM/ME Simulations. The temperature-and pressuredependent rate coefficient for the pent-1-en-3-yl + O 2 reaction is calculated for the complete range of experimental conditions via RRKM/ME simulations using the aforementioned optimized parameters. The comparison of present experimental and theoretical results is given in Figure 9 .
The pressure-dependent fall-off flattens out with increasing pressure and the high-pressure limit is almost reached at around 4 Torr at 198 K (≈85%; cf. solid line in Figure 9 ). At room temperature (298 K), the high-pressure limit is not reached at 4 Torr (≈42%; cf. dotted line in Figure 9 ). This temperature-dependent fall-off trend is well-known and observed for other R + O 2 reactions. 53 The modified Arrhenius fits to the final R + O 2 rate coefficients are given in Table 4 .
In order to better understand the oxidation of resonancestabilized radicals, the bimolecular rate coefficient of the pent-1-en-3-yl + O 2 reaction is compared to the R + O 2 reaction rate coefficients of smaller resonance-stabilized radicals. Figure 10 shows the measured and predicted R + O 2 bimolecular rate coefficients for allyl, isobutenyl, and pent-1-en-3-yl. The bimolecular rate coefficient of the allyl + O 2 reaction has been measured by Rissanen et al. 12 and Jenkin et al. 8 at suband near-atmospheric pressures. Lee and Bozzelli 7 predicted the allyl + O 2 rate coefficient at an atmospheric pressure. For isobutenyl oxidation, no experimental data is available, but Chen and Bozzelli 16 calculated the high-pressure rate The Journal of Physical Chemistry A Article coefficient. Note that the present predictions at 1 Torr and 1 atm are limited to temperatures below 550 and 650 K, respectively, due to the mixing of collisional and relaxational eigenvalues of the ME above this temperature. 54 By comparing the measured bimolecular rate coefficient of the pent-1-en-3-yl + O 2 reaction to those measured for the allyl + O 2 reaction, 8, 12 one observes slightly higher reactivity for pent-1-en-3-yl + O 2 at low temperatures. The slope of pent-1en-3-yl + O 2 rate coefficient, however, is steeper, presumably leading to lower reactivity at higher temperatures. The inversion of the slope of the calculated rate coefficient for the allyl + O 2 reaction is due to the ∼1 kcal/mol barrier proposed by Lee and Bozzelli. 7 As a consequence, the predicted allyl + O 2 rate coefficient heavily underestimates the experimental ones at low temperatures. 8, 12 The consistency between the present experiments and theory and the similarity between the experimental allyl + O 2 and pent-1-en-3-yl + O 2 rate coefficients (cf. Figure 10) suggest that allyl + O 2 is barrierless, as initially proposed by Bozzelli and Dean. 9 It appears that the ∼1 kcal/mol activation energy reported for allyl + O 2 is an artifact of the previous single-reference calculation, similar to what was observed in the present work.
In contrast to the predicted high-pressure limit of the pent-1-en-3-yl + O 2 reaction, the predicted high-pressure limit of the isobutenyl + O 2 reaction rate coefficient varies significantly with temperature. This results from the ∼1.5 kcal/mol barrier for the isobutenyl + O 2 reaction proposed by Chen and Bozzelli. 16 Assessment of this barrier would either require experimental data for the isobutenyl + O 2 reaction (not available), or a detailed theoretical study of the R + O 2 association potentials (similar to the present study).
Numerical Simulations. In order to evaluate the relevance of pent-1-en-3-yl oxidation chemistry at engine-relevant conditions, the pent-1-en-3-yl + O 2 reaction system is simulated under autoignition circumstances. The initial mixture consists of 10 15 cm −3 pent-1-en-3-yl radicals at t = 0 in air (21% O 2 ). The initial pressure is 10 bar, which corresponds to [O 2 ] = 2.3 × 10 19 cm −3 for isothermal simulation at a temperature of 650 K. This condition is typically engine-relevant for low-temperature ignition. Numerical simulations were carried out using the Cantera software package. 55 In addition to the rate coefficients for all reactions in Figure  5 obtained from the present RRKM/ME simulations, we included pent-1-en-3-yl radical dissociation, 56 self-recombination (R + R; analogy to C 3 H 3 + C 3 H 3 10 ), Q35OOH dissociation (ring closure, cyclic ether formation, and trimolecular decomposition; cf. Supporting Information for analogy details 57, 58 ) , and second O 2 addition (QOOH + O 2 ; analogy to Goldsmith et al. 59 ). Note that O 2 QOOH is modeled as a sink in the present simulations. Therefore, the O 2 QOOH concentration profiles are upper bounds of the actual O 2 QOOH concentration. The kinetic model can be found in the Supporting Information The concentration profiles of R, O 2 QOOH, HOO • , and •OH are shown in Figure 11 with (w/) and without (w/o) a second O 2 association pathway.
More than half of the pent-1-en-3-yl radicals are consumed within the first millisecond of the simulation, mostly via the first O 2 addition. As soon as the R + O 2 ⇌ RO 2 equilibrium is established, the pent-1-en-3-yl radical consumption is dominated by the formally direct R + O 2 → penta-1,3-diene + HOO • reaction. The second most important radical consuming pathway is the formation of Q35OOH and either second O 2 addition (if considered) or dissociation (which yields •OH and a cyclic ether). Notably, about 99% of the radical consumption flux goes through R3O 2 -based chemistry, whereas R1O 2 -based chemistry is practically irrelevant. The pent-1-en-3-yl radicals are consumed within ≈50 ms. Figure 10 . Comparison of allyl, isobutenyl, and pent-1-en-3-yl rate coefficients with molecular oxygen. The allyl + O 2 data was measured by Jenkin et al. 8 and Rissanen et al., 12 and calculated by Lee and Bozzelli. 7 The isobutenyl + O 2 data was predicted by Chen and Bozzelli. 16 Figure 11 . Concentration profiles of the pent-1-en-3-yl radical (R), the second O 2 adduct O 2 QOOH, the hydroperoxy radicals (m/z = 101−68), and of the hydroxy radicals (m/z = 101−84) from numerical simulation at 650 K and 10 bar.
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The two simulated cases (w/ and w/o second O 2 addition) are the limiting cases for the estimated product distributions. In any case, large amounts of HOO • and penta-1,3-diene are expected, but the second most important product strongly depends on the branching ratio between the second O 2 addition and Q35OOH dissociation. Further calculations and experiments will be conducted to determine the fate of Q35OOH in low-temperature oxidation chemistry.
■ CONCLUSIONS
The kinetics and thermochemistry of the pent-1-en-3-yl + O 2 reaction have been studied using both experimental and computational methods. The experiments were performed at low temperatures (198−370 K) at subatmospheric pressures. RRKM/ME calculations were then performed and the results were compared with the experiments. The calculations showed that terminal and nonterminal RO 2 adducts are formed at equal rates. However, several of the RRKM/ME parameters had to be adjusted for the model to reproduce the experimental rate coefficient and equilibrium constant data with satisfactory accuracy. These adjustments did not exceed parameter uncertainties. The resulting prediction agrees with experiments within a factor of 1.5. The initial O 2 association reaction was found to be barrierless. It seems increasingly clear from experiments that the O 2 reactions of allyl-type radicals are barrierless and this behavior can be reproduced computationally when accounting for multireference effects. The optimized RRKM/ME model was used to simulate the pent-1-en-3-yl + O 2 reaction at engine-relevant conditions. The model was particularly important in evaluating the relative importance of the two R + O 2 association channels. The addition to the nonterminal carbon was found to be more important under engine-relevant conditions.
The low reaction enthalpy of the O 2 addition makes subsequent reactions of RO 2 toward QOOH less pronounced compared to saturated hydrocarbons. In fact, numerical simulations indicate that most of pent-1-en-3-yl radicals are consumed by a formally direct hydrogen abstraction reaction before the first O 2 addition under typical engine-relevant conditions (pent-1-en-3-yl + O 2 penta-1,3-diene + HOO). However, 14−43% of pent-1-en-3-yl radicals are consumed via pathways involving QOOH radicals, which can undergo a second O 2 addition (chain branching) or decomposition (chain propagation). This is due to the rapid equilibration of the R + O 2 ⇌ RO 2 reaction, resulting in a steady-state concentration of RO 2 , which can further isomerize to QOOH.
Our work shows that simple kinetic models (PST) and moderately computationally demanding levels of theory (DLPNO-CCSD(T) and NEVPT2) can be combined with experimental data to obtain very good rate predictions. The validity of extrapolating these predictions to higher temperatures and pressures, however, needs to be assessed in a separate study.
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